Acireductone dioxygenase (ARD) from Klebsiella ATCC 8724 is a metalloenzyme that is capable of catalyzing different reactions with the same substrates (acireductone and O 2 ) depending upon the metal bound in the active site. A model for the solution structure of the paramagnetic Ni 2+ -containing ARD has been refined using residual dipolar couplings (RDCs) measured in two media. Additional dihedral restraints based on chemical shift (TALOS) were included in the refinement, and backbone structure in the vicinity of the active site was modeled from a crystallographic structure of the mouse homolog of ARD. The incorporation of residual dipolar couplings into the structural refinement alters the relative orientations of several structural features significantly, and improves local secondary structure determination. Comparisons between the solution structures obtained with and without RDCs are made, and structural similarities and differences between mouse and bacterial enzymes are described. Finally, the biological significance of these differences is considered.
Introduction
Acireductone dioxygenase (ARD), a metalloenzyme from the methionine salvage pathway of the bacterium Klebsiella ATCC 8724, is unusual in that it catalyzes different dioxygenase reactions with identical substrates depending upon the metal bound in the active site (Dai et al., 1999 (Dai et al., , 2001 . The methionine salvage pathway returns the c-thiomethyl group of methylthioadenosine (MTA) to methionine (Kestell, 1996) . MTA is derived from S-adenosylmethionine (SAM, AdoMet), that in turn is formed by S-alkylation of methionine at the 5¢-ribose carbon of ATP. The pentultimate intermediate in the methionine salvage pathway is 1,2-dihydroxy-3-oxo-5-(meth-ylthio)pent-1-ene, commonly termed acireductone, the substrate for ARD (Wray and Abeles, 1993) . ARD is a branch point in the methionine salvage pathway. If Fe 2+ is bound in the active site (FeARD), the substrate acireductone reacts with O 2 to yield the ketoacid precursor of methionine, 2-oxo-4-(methylthio)-butyrate, and formate. The Ni 2+ -containing NiARD catalyzes an off-pathway oxidation of acireductone with formation ofcarbon monoxide, formate and methylthiopropionate. The two ARD isoforms are chromatographically separable on hydrophobic interaction and strong anion exchange liquid chromatography phases, suggesting significant structural differences between them.
We previously reported 1 H, 15 N and 13 C resonance assignments for NiARD (Mo et al., 1999) and described a structural model of NiARD using NOE and J-coupling restraints in regions of the enzyme unaffected by paramagnetism of the single Ni 2+ ion bound in the active site (Pochapsky et al., 2002) . Paramagnetism broadens 1 H resonance lines within $9 Å from the metal center (approximately 15% of the 1 H resonances in the protein) beyond detection by standard multidimensional NMR methods. In the absence of sequence-specific assignments for this region of the protein, and lacking a crystallographic structure for any near homologue of ARD, we used conserved domain homology modeling based on the structure of jack bean canavalin (Ko et al., 2000) to propose a structure for the metal binding site of NiARD. To support the modeling, we employed X-ray absorption spectroscopy (XAS) and paramagnetic NMR to characterize the first-and secondcoordination sphere of the nickel ion (Al-Mjeni et al., 2002) .
The resulting active site structure is consistent with the known enzymatic activity of NiARD and is similar to a number of other metalloenzymes, in particular, the Mn 2+ -containing oxalate decarboxylase (OxD) (Anand et al., 2002) and oxalate oxidase (OxOx) (Woo et al., 2000) . ARD, canavalin, OxD and OxOx are all members of the cupin superfamily that is characterized by a conserved small b-barrel fold (sometimes referred to as a ''jelly roll'') from which the name of the superfamily is derived, although ''b-sandwich'' is probably a more accurate description of the fold (Dunwell et al., 2001) . Recently, a crystallographic structure of an ARD homologue from Mus musculus (house mouse), MmARD, was deposited in the PDB database (entry 1VR3, (JCSG, 2005) . The overall homology between the two proteins is low (23% identity). Still, the MmARD structure supports our proposed ligation geometry for the active site, although the nature of the bound metal and the enzymatic activity of the mouse ARD homologue have yet to be reported.
We now describe a refinement of the NiARD structural model that employs 1 H-15 N RDCs measured in two alignment media, 1-hexanol/nonsymmetric polyol HO-(CH 2 O) 6 -(CH 2 ) 11 CH 3 (C12E5) (Ruckert and Otting, 2000) and filamentous phage ( fd ) (Hansen et al., 1998) . The use of residual dipolar couplings (RDCs) has revolutionized the determination of solution structures of proteins by NMR (Tjandra et al., 1997; Prestegard et al., 2004) . Unlike NOEs and J-coupling that are local con-straints and not related to a single frame of reference, RDCs provide an independent structural parameter that relate to a single frame of reference provided by the order tensor. If multiple sets of RDCs can be measured in different aligned media with independent order tensors, elimination of ambiguity in the direction of individual dipole vectors is possible (Prestegard et al., 2004) . The current structural refinement provides structures that satisfy both sets of RDC restraints as well as NOE, chemical shift and dihedral angle restraints. In the current refinement, we made use a greater number of dihedral restraints generated from chemical shift database correlations (TALOS) than in the previous calculations (Cornilescu et al., 1999) .
Improved 2D methods for sequential assignment of paramagnetically relaxed 13 C and 15 N resonances have permitted us to make some assignments in the region of the NiARD active site (Kostic et al., 2002) . However, these assignments are not yet sufficiently complete to forgo modeling in the current structural refinement. In the current calculations, we have replaced the coordinates from canavalin used in the original structure calculations with the coordinates from MmARD (vide supra). We note, however, that the backbone structure in the vicinity of the active site in the current ensemble of structures is little different from our original modeling using the canavalin coordinates (<0.8 Å RMSD for modeled coordinates), indicating a remarkable degree of structural homology in this region across proteins of very different structures and functions.
Materials and methods

Polyether/alcohol aligned medium
The asymmetric polyol HO-(CH 2 O) 6 -(CH 2 ) 11 CH 3 (C12E5) (Aldrich) was prepared as a 10% w/w solution in standard 50 mM KP i 90/10 H 2 O/D 2 O pH 7.4. 200 ll of this solution was then added to an equal volume of 3 mM 15 N-labeled NiARD prepared as described previously (Mo et al., 1999) in the same buffer and gently mixed. Aliquots of 1-hexanol (anhydrous, Sigma) was added to a final mol/mol ratio C12E5/hexanol of 0.96 ($9 ll), the mixture gently vortexed and centrifuged to remove bubbles. The sample had a slightly opalescent appearance. The sample was placed in a Shigemi
